Introduction
A dry-snow slab avalanche (Figure 1a ) involves the release of a layer of cohesive snow-the slab-that slides down the mountain, breaking into pieces during movement. Slab avalanches cause most of the property damage and fatalities related to avalanche activity [McClung and Schaerer, 2006] . Such avalanches originate due to damage leading to a localized initial failure in a weak snow layer (Figure 1b ) beneath the cohesive slab followed by the onset of rapid crack propagation within the weak layer [McClung, 1979; Schweizer et al., 2003] . Our present understanding of dry-snow slab avalanche release is still incomplete with regard to the very first process, i.e., failure initiation, mainly due the complex microstructure and the highly porous character of weak snowpack layers. Recent field experiments have highlighted the possible structural collapse of the weak layer [van Herwijnen et al., 2010] resulting in the typical "whumpf" sound. Hence, the question of the origin of the initial failure, whether it is in shear, as assumed for years, or compression, has been raised and is still a matter of debate. However, as the damage in the weak layer is due to bond breaking at the microscopic scale, the stress distribution due to mixed-mode loading on a slope is likely to be highly complex due to the nonuniform distribution of snow grains in the weak layer [Schweizer and Jamieson, 2008] . Most current avalanche release models assume pure shear or Mohr-Coulomb failure criteria [Chiaia et al., 2008; Fyffe and Zaiser, 2007; Gaume et al., 2014b; Schweizer et al., 2006] . However, such criteria are incomplete since they do not account for the possible compressive failure of the most common weak snow layers consisting of either faceted crystals (depth hoar) or buried surface hoar [Schweizer and Jamieson, 2001] . On the other hand, the anticrack model developed by Heierli et al. [2008] takes into account the effect of slab bending induced by the collapse of the weak layer to assess the stability of a preexisting crack. However, it is not suitable to address the issue of the very initial failure in the weak layer. Furthermore, none of the latter models accounts for the important rate dependency of snow failure.
To address this controversial issue of failure initiation, we developed a mixed-mode shear-compression failure criterion for weak snow layers relevant for avalanche release. The model was calibrated on a unique set of loading experiments of sandwich specimens ( Figure 2) including a natural or artificial weak snow layer Schweizer, 2010, 2013] . The snow samples were loaded at different loading rates and different slope angles until catastrophic failure.
Methods
We analyzed data from loading experiments with snow samples containing various kinds of weak layers. The samples were loaded with an increasing force until catastrophic failure at different "slope" angles, i.e., different proportions of shear to normal load. The loading rates ranged from 1 to 440 Pa s −1 , which approximately corresponds to natural (wind) loading of a snow slope and artificial (skier) loading, respectively. Slope angles ranged from 0
• (no tilting) to 35
• . The weak layers consisted either of surface hoar REIWEGER ET AL.
©2015. American Geophysical Union. All Rights Reserved. (crystal size: 5 mm, hand hardness: very soft) or of faceted crystals including some depth hoar crystals (crystal size: 1 mm, hand hardness: very soft). The loading apparatus (Figure 2 ) is described in detail in Reiweger et al. [2009a] and . Most of the experimental data have been introduced by Schweizer [2010, 2013] . For the present analysis we merged the data from all experiments so that the data set now includes a total of 39 experiments. The slope angles, loading rates, and total strengths of the different samples used for the experiments are summarized in Table 1 .
Experimental Results
The failure criterion is the envelope of the shear stress versus the normal stress at the time of the catastrophic failure. It separates stress states where the material remains intact and stress states which lead to the failure of the material. The data from all experiments with different weak snow layers and for different loading rates were represented in the − −plane in Figure 3 . For low values of the normal stress (< 2.3 kPa), corresponding to high values of the slope angle, the shear stress increases almost linearly with increasing normal stress for all types of weak layers and for all loading rates. Then, for high loading rates ("fast" experiments) and for low values of the slope angle, the shear stress starts to decrease with increasing normal stress. The transition occurs for ≈ 2.4 kPa, corresponding to a slope angle ≈ 23
• .
The same transition occurs for low loading rates ("slow" experiments) but for a higher value of the normal stress ≈ 4.5 kPa corresponding to a slope angle of ≈ 21.5
• . Furthermore, the extremely fragile (soft) surface hoar samples that were loaded "slowly, " at loading rates of ≈ 2 Pa s −1 exhibited ductile behavior, while in fast experiments, for loading rates of ≈ 20 Pa s −1 , brittle behavior was observed. The samples containing weak layers consisting of mainly faceted crystals exhibited ductile behavior at rates of ≈ 40 Pa s −1 (slow experiments) and brittle behavior at loading rates of ≈ 200 Pa s −1 (fast experiments). All the samples, for different loading rates and slope angles, were weaker in shear than in compression as was always lower than at the time of catastrophic failure. 
Model Development: Failure Criterion
Analyzing the experimental results of all our loading experiments shown in Figure 3 , we propose a modified Mohr-Coulomb criterion with a cap model [Resende and Martin, 1985; Han et al., 2008] well suited to fit all our data (MCC: Mohr-Coulomb-Cap model).
For high values of the slope angle and thus small compressive stresses the conventional Mohr-Coulomb criterion 
where c is the compressive strength (found in a pure compression test, = 0 • ) and K the maximum shear strength value (shear strength at the transition between the MC and the cap models).
From the failure envelope fitted to our experimental data, we found a range of possible angles of internal friction between 12 and 28
• represented by the shaded domain in Figure 3 with an average value of 20
This range allows reproducing fast and slow experiments for slope angles typically higher than the internal friction angle. The tensile strength t is equal to 0.4 kPa and the cohesion to 0.17 kPa approximately.
However, the order of magnitude of the shear stress which marks the transition between Mohr-Coulomb and Cap behavior depends on the rate at which the snow samples were loaded (Figure 3) . A slower loading rate leads to a higher failure stress (K fast ≈ 1 kPa, K slow ≈ 1.8 kPa). Hence, the compressive strength c is about 2.6 kPa for fast and 5.7 kPa for slow experiments.
A schema of our model is represented in Figure 4 where shear stress is plotted versus normal stress . The model incorporates tensile strength t , compressive strength c , cohesion c, slope angle , and friction angle . The angles fast t and slow t define the transition angles where Mohr-Coulomb changes to Cap behavior.
The influence of the slope angle on the total strength of the weak layer according to our MCC model is shown in Figure 5 The total strength of the weak layer decreases with increasing slope angle. Initially, the decrease is minor as long as the total strength follows the Cap behavior (red solid line in Figure 5 ). For slope angles REIWEGER ET AL.
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= 23
• the total stress follows the Mohr-Coulomb behavior (blue solid line in Figure 5 ) and hence sharply decreases with increasing slope angle for slow and fast experiments, respectively.
Discussion
We analyzed experiments using a load-controlled test apparatus to characterize the failure behavior of weak snowpack layers. The results of our experiments showed that for high values of the slope angle, i.e., for low values of the normal stress, the shear stress at failure increases with increasing normal stress. However, due to the collapsible nature of the high-porosity material snow, we also found failure in case of pure compressive loading, i.e., without any shear stress, provided the compressive stress was sufficiently large. This behavior is quite typical for other (porous) granular materials such as sand or clay [Dimaggio and Sandler, 1971; Resende and Martin, 1985] .
We developed a mixed-mode shear-compression failure criterion based on the Mohr-Coulomb-Cap model that reproduced our experiments. The angle of internal friction that we found ≈ 20
• is in agreement with the recent findings of [Podolskiy et al., 2014a] who found friction angles typically between 15 and 30 • and with the study of Roch [1966] who found an angle of internal friction of about 22
• . This friction angle value, however, is lower than the dry (or crack face) friction which is typically around 30
• [van Herwijnen and Heierli, 2009]. The latter value is generally used in avalanche release models using the MC criterion [Gaume et al., 2013 [Gaume et al., , 2014a Podolskiy et al., 2014b] and is thus slightly too high.
The rate dependency of the transition point from the Mohr-Coulomb to the cap behavior is in accordance with the fact that the snow failure behavior is rate dependent in general [e.g., Schweizer, 1998 ] but in particular for weak snow layers Schweizer, 2010, 2013] . These studies showed a transition from ductile to brittle behavior with a higher failure stress for the ductile case with increasing strain rate. The loading rates needed to achieve brittle behavior were higher for the moderately soft 10.1002/2014GL062780 faceted samples than for the extremely soft surface hoar samples. We assume that this is due to the fact that deformation at a given stress is inversely proportional to elastic modulus. The ductile to brittle transition itself can be explained by the competition between different time scales corresponding to the relatively slow sintering (healing) of broken bonds and the fast process of bond breaking [Reiweger et al., 2009b] . Nevertheless, for both fast and slow experiments, this transition appears for a slope angle lower than 30
• . Hence, for typical avalanche slopes, it might be sufficient to implement the MC criterion into slab avalanche release models.
Recently Birkeland et al. [2014] performed a field study on the effect of slope angle on stability test results using the compression test (CT). The CT provides a measure of failure initiation propensity. They found that the test results were almost independent of slope angle; in one out of three data sets a slight increase with increasing slope angle was observed. Our results ( Figure 5 ) suggest that similar strength might be expected on slopes between 0 and about 23
• , but weak layer strength should decrease for higher values of the slope angle. As any stability test result is influenced by weak layer as well as slab properties [Schweizer and Jamieson, 2010] , it is not fully clear what our results mean in terms of CT score, unless slab properties and the type of loading would not change with increasing slope angle. To assess the effect of slope angle on slab and weak layer properties, we suggest to perform snow micropenetrometer measurements as the relevant properties can now be derived [Reuter et al., 2014; Schweizer and Reuter, 2015] .
Finally, the experimental results we show as well as the proposed model suggest that the recent debate, namely, whether the initial failure occurs in shear or compression [Schweizer and Jamieson, 2008] is irrelevant. This debate was raised by new theoretical ideas [Heierli et al., 2008] and experimental evidence [van Herwijnen et al., 2010] suggesting that the structural collapse of the weak layer is required for crack propagation. However, these recent findings assume a preexisting crack in the weak layer and thus only concern crack propagation but not the initiation of the failure. The experiments we conducted on failure initiation (and hence crack formation) suggest that weak layer collapse is a secondary process and a consequence of the damage and eventually the failure in the weak layer [Reiweger and Schweizer, 2013] . Failure initiation itself is presumably the result of bond breaking at the microscopic scale leading to a complex relation between shear and normal stresses and thus a mixed-mode failure criterion.
Conclusions
The analysis of a unique set of experiments on the failure of weak snow layers allowed us to describe for the first time the failure criterion of different types of weak layers loaded at different rates. This failure criterion was described using a modified Mohr-Coulomb model, namely, the Mohr-Coulomb-Cap model which reflects the mixed-mode shear-compression failure of snow and which was able to reproduce all our experiments. Besides, it was shown that the simple Mohr-Coulomb criterion is able to appropriately represent failure of a weak snow layer consisting of either faceted/depth hoar crystals or surface hoar crystals for slope angles higher than about 23
• . Hence, the Mohr-Coulomb criterion seems be sufficient, in practice, to model weak layer failure for avalanche slopes that are typically steeper than 30
However, for comprehensively modeling dry-snow slab avalanche release not only failure initiation but also crack propagation needs to be considered. Failure initiation in the weak layer includes damage acceleration and localization and results in an initial crack. This crack can propagate if it exceeds a critical size or if the load exceeds a critical value. Hence, in the future, the coupling between the proposed failure initiation criterion and a suitable crack propagation model [Heierli et al., 2008; Chiaia et al., 2008; Gaume et al., 2014b] may eventually provide a comprehensive model of slab avalanche release.
